We investigate the magnetoresistance of two-dimensional electrons confined by a strong gradient of magnetic field in a hybrid semiconductor/ferromagnet structure. Ferromagnets with increasingly large saturation magnetization are used to systematically study the dependence of the recently reported resistance resonance peak ͓Nogaret et al., Phys. Rev. Lett. 84, 2231 ͑2000͔͒ on the amplitude of the magnetic modulation. We report the collapse of snake orbit channelling at the Curie temperature of dysprosium while above T c , a weaker structure is observed that is well explained by the magnetic properties of helical dysprosium. These results allow us to identify two separate contributions in the magnetoresistance: one arising from 2D electrons magnetically confined in snake orbits and a second one, much weaker, arising from the field dependence of the magnetization. The properties of electrons confined in microscopic magnetic potentials are the focus of much experimental 1-5 and theoretical 6-10 effort. Interest in this problem is motivated by its relevance to the composite fermion description of the half-filled Landau level 11 and by the promise of novel magnetoelectronic devices combining semiconductor and magnetic elements in hybrid structures.
The properties of electrons confined in microscopic magnetic potentials are the focus of much experimental 1-5 and theoretical [6] [7] [8] [9] [10] effort. Interest in this problem is motivated by its relevance to the composite fermion description of the half-filled Landau level 11 and by the promise of novel magnetoelectronic devices combining semiconductor and magnetic elements in hybrid structures. 12 Micromagnets can be fabricated at the surface of a two-dimensional electron gas ͑2DEG͒ so that the normal component of their fringing fields bends the trajectory of ballistic electrons. Magnetic barriers obtained in this way were proposed as energy and momentum filters 10 through which both ballistic and diffusive transport has been investigated. 3, 4 An inhomogeneous magnetic field that has opposite sign in adjacent regions of a 2DEG, allows ''snake'' orbits to form at the boundaries. [6] [7] [8] These open orbits are responsible for giant magnetoresistance effects observed in magnetic superlattices.
1, 2 Channelling of snake and cycloid orbits perpendicular to a gradient of magnetic field has recently been proposed to explain a resistance peak, at B p , in a hybrid structure with a single ferromagnetic stripe. 13 In this paper, the magnetoresistance of hybrid devices topped with nickel, iron or dysprosium stripes is measured in order to present a systematic study of the peak dependence on an increasingly steep magnetic gradient. We investigate magnetic steps in the range B m ϭ0 -0.25 T and demonstrate the proportionality between the peak position and B m . A second experiment describes the dependence of the magnetoresistance near the Curie temperature (T C ) of dysprosium. We demonstrate the collapse of magnetic channelling when dysprosium ceases to be ferromagnetic. Above T C , dysprosium exhibits a helical magnetic structure with low magnetization as long as the applied magnetic field remains below a critical value, B H . Beyond this point ferromagnetic alignment reappears and the magnetic moment raises sharply. The known temperature dependence of B H allows us to investigate the effect of switching on the magnetic modulation when the mean magnetic field is either smaller or larger than the amplitude of the modulation: B H ϽB m or B H ϾB m . When B H ϾB m , the magnetoresistance reflects both a decrease in the number of Landauer-Buttiker conductance channels 14 and enhanced boundary scattering, due to the growing stray fields. When B H ϽB m , snake states also affect the magnetoresistance since the magnetic field experienced by the 2DEG now changes sign. Comparing both situations, we find the magnetoresistance arising from magnetic channelling to be an order of magnitude larger than that arising from the magnetization alone. Effects of the magnetization and magnetic channelling mix in the Hall voltage of hybrid structures; 13 this experiment therefore provides a unique way to evaluate them separately.
An electron micrograph of the hybrid structure is shown in Fig. 1͑a͒ . It consists of a dϭ400-nm-wide dysprosium stripe covering a wϭ2-m-wide 2DEG channel over a distance of 32 m. The 2DEG was formed in a 2.2 nm wide ␦-doped Al 0.3 Ga 0.7 As/GaAs quantum well, the center of which lies z 0 ϭ24 nm below the surface. At 1.35 K the free carrier density and the mean free path were n s ϭ4 ϫ10 11 cm Ϫ2 and lϭ2.2 m. The stripe was defined by exposure of PMMA to an electron beam and lift-off. Structures with nickel or iron instead of dysprosium were prepared in an identical way. The thickness of each stripe was measured using a step profiler and found to be hϭ140 (Dy), 90 ͑Fe͒, and 200 (Ni) Ϯ5 nm. We have used x-ray diffraction spectroscopy to investigate the preferential growth direction of dysprosium on GaAs. Figure 1͑b͒ compares one such spectrum with the standard powder pattern of Dy, 15 it shows that the reflection on atomic planes normal to the c axis is strongly attenuated with respect to the b-axis line. This suggests that Dy films are polycrystalline with grains growing along the b axis ͑normal to the surface͒ while the c axis lies in the plane probably with random orientation. Magnetore-sistance measurements were carried out in a 15 T superconducting magnet equipped with a variable temperature insert. The temperature was allowed to settle for 1 h prior to each sequence of field sweeps thus minimizing fluctuations to within Ϯ0.2 K. The magnetic field was applied perpendicular to the 2DEG as shown in Fig. 1͑a͒ . A 1.5 A dc current was applied across contacts 1-6 and the resulting voltage drop was measured across probes 7 and 9 separated by a distance of 8 m.
The magnetoresistance of these devices at 4.2 K is plotted in the top three curves in Fig. 2 . The magnetoresistance of a test sample without magnetic stripe is shown in the lower curve. The 20% negative magnetoresistance at ϳ100 mT arises from the magnetic reduction of backscattering, a wellknown size effect associated with diffuse channel boundaries. 16, 17 Note that at 110 mT, the cyclotron diameter at the Fermi level equals the size of the channel. The resistance drop expected with 100% diffuse boundaries is:
where 0 is the Drude resistivity, l and w are the mean free path and the channel width given above. We find the experimental resistance drop to be 40% of the theoretical value suggesting 40% ͑60%͒ diffuse ͑specular͒ boundaries. By contrast, the magnetic devices exhibit a resistance peak at B p ϭ14 (Ni), 28 ͑Fe͒, and 104 mT ͑Dy͒. The position of the valley minimum beyond B p also shifts to higher field from the nickel to the iron curve in Fig. 2 . Enhancement of electron diffusivity due to snake states ͑cycloid orbits͒ before ͑after͒ B p was proposed to explain the observation of the resistance peak. 13 The formation of snake states requires a hard ferromagnet so that the condition B m ϾB a is realized. One way to prove the formation of magnetic edge states is to investigate the dependence of the peak position when the amplitude of the magnetic modulation increases. Our magnetic stripes have saturation magnetizations of M s ϭ0.51 (Ni), 1.7 ͑Fe͒, and 2.92 T ͑Dy͒.
18 M s , together with the structural dimensions h,d,z 0 , are used to calculate the magnetic field profile shown in the inset to Fig. 2 for each device. 19 In the negative magnetic field regions, the minimum field is: B m ϭϪ44.6(Ni), Ϫ143.2 ͑Fe͒, and Ϫ256.8 mT ͑Dy͒. We use this to calculate the ratio ͉B p /B m ͉ϭ0.3Ϯ0.1 that stays approximately constant while the saturation magnetization increases by a factor of ϳ6 between nickel and dysprosium. Note that were the magnetic profiles approximated by a rectangular step, the peak would simply occur at B p ϭB m . A partial explanation for the lower experimental ratio ͉B p /B m ͉, may be that the field averaged over the negative region is smaller than B m .
Beyond the peak in Fig. 2 , the magnetoresistance of nickel and iron devices exhibits a minimum that moves to higher field as the magnetic gradient increases. This minimum occurs when the drift of cycloid orbits drops below a threshold value: this is obtained when the decreasing drift velocity balances the increasing number of cycloid orbits so that the diffusivity passes through a peak. 13 The drift velocity of any given cycloid orbit is ͑i͒ proportional to the magnetic gradient and ͑ii͒ inversely proportional to the cyclotron radius. 20 This explains why increasingly large magnetic fields are required to keep the drift velocity below the threshold velocity as the magnetic gradient increases. Figure 3 plots the magnetoresistance of the dysprosium device close to the Curie point of dysprosium and this will be the focus for the rest of this paper. The temperature dependence in the 1.3-50 K range is complex and will be reported in detail elsewhere. Note that the larger peak magnetoresistance seen near T C follows from the suppression of the above-mentioned magnetosize effects as the mean free path becomes smaller than the channel width. Figure 3 shows that at 50 K, the valley has already disappeared whereas the peak magnetoresistance remains robust up to 80 K. We ascribe this behavior to the shorter period of snake orbits compared to cycloid orbits. Temperature has little effect on snake orbit diffusion because the snake orbit period can take infinitesimally small values and therefore remain smaller than the scattering time.
The second derivatives of R 16, 79 , are displayed in the inset to Fig. 3 . Their minima allow us to extract the peak position B p from the higher temperature plots. From this we define the peak magnetoresistance: ⌬R xx ϭR xx (B p )ϪR xx (B ϭ0). A small hysteresis ͑20 ⍀͒ and Hall voltage mixing may be responsible for the asymmetry in the second derivative. Between 80 and 90 K, the peak magnetoresistance collapses by over an order of magnitude. A second observation is that up to 80 K, B p only slightly decreases with temperature although this trend appears to be comparable to the standard deviation on the positive and negative values of B p . A priori, this is a paradoxical result because in a conventional ferromagnet such as iron, the spontaneous magnetization vanishes at T C in consequence of which one would also expect B p to vanish. A third observation drawn from Fig. 3 is the existence of two residual peaks in the 90 and 100 K curves whose position increases with temperature at the rate of ϳ7 mT/K.
In order to answer these three points, an accurate description of the magnetization of dysprosium is required. Dysprosium is ferromagnetic up to T C ϭ85 K, 18 but instead of a paramagnetic phase above T C , it displays a helical magnetic structure whereby microscopic magnetic moments wind around the c-crystallographic axis. This helix minimizes the magnetization. A magnetic field applied in the basal plane, defined by vectors ͑a, b͒ in the inset to Fig. 1͑b͒ , will reinstate ferromagnetic order once a critical value B H is reached. At this point the magnetization rapidly rises to saturation as shown in Fig. 4͑a͒ . The x-ray data in Fig. 1͑b͒ demonstrate that B a is applied parallel to the basal plane of the Dy grains within the microstrip. This allows us to use the a-axis magnetization isotherms of dysprosium crystal 18 to calculate B m as a function of B a . The result is shown in Fig. 4͑a͒ . As the temperature increases the helical phase survives at increasingly large magnetic fields, in other words, B H increases with temperature. This property conceptually allows us to switch on the magnetic modulation at a given value of the applied field simply by changing the temperature. The applied field is plotted through the B m ϭB a line in Fig. 4͑a͒ . The two intersection points in the 80 K curve bracket the range of applied magnetic fields in which snake orbits form since in this region B m ϾB a . As the temperature increases, this range decreases as both intersections moves towards each other. Snake orbit channelling disappears when the B m ϭB a line becomes tangential to the knee of the B m curve. This allows us to interpret the collapse of the peak magnetoresistance near T C as the suppression of channelling by snake orbits. In addition, the upper intercept remains at a finite magnetic field value that never decreases by more than ϳ20%: just before the suppression of magnetic channelling, remnants of snake orbits are to be found at B a ϭB H , not B a ϭ0. This simple picture therefore explains well the experimental behavior of B p . At 100 and 120 K the magnetic field is always positive throughout the 2DEG, it becomes inhomogeneous once the magnetic modulation is turned on at B a ϾB H .
In order to explain the residual peak in the 90 and 100 K curves of Fig. 3 , we plot together the temperature dependence of B p and B H in Fig. 4͑b͒ . The latter is again taken from Ref. 18 . Figure 4͑b͒ shows a good agreement on both the absolute magnitude of B p and B H and their similar ϳ7-10 mT/K temperature dependence. Recently Reijniers and Peeters have proposed a mechanism that does not require the formation of snake guiding modes to explain a magnetoresistance increase.
14 This mechanism applies to the regime of quantum transport while our residual peaks occur in the highly diffusive regime, where the mean free path is ϳ400 nm. We propose that the application of the modulation field at B H increases the bounce rate at the edges of the channel thus increasing the probability of diffuse scattering, and ultimately the resistance.
The most remarkable feature of this experiment is that, immediately before and after the magnetoresistance collapse, the magnetization increases by the same amount, see Fig.  4͑a͒ . In the former case, however, the sign of the magnetic modulation changes, whereas in the latter it does not. This allows us to conclude that snake channelling dominates over the effects of the magnetization by at least an order of magnitude.
In summary, we have shown that the position of the resistance resonance peak is proportional to the amplitude of the magnetic modulation. The suppression of snake channelling at T C allows us to distinguish between effects of 2D electrons magnetically confined in snake orbits and effects of the magnetization. Incidentally, we have shown that hybrid structures can be used to detect magnetic phase transitions.
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